Abstract-A computational model of motion perception is proposed. The model, which is gradientbased, adheres to the neural constraint that transmitted signals are positive-valued functions by posing the estimation of image motion as a quadratic programming problem combined with totalleast squares: a model that assumes that image signals are contaminated by noise in both the spatial and temporal dimensions. By shrinking motion estimates with a regularizer whose subtractive effect introduces a contrast dependent speed threshold into motion computations, it is shown that the totalleast squares model when posed as a quadratic programming problem, is capable of explaining both increases and decreases in perceived speed as these effects were reported by Thompson (1982) to vary as a function of image contrast and temporal frequency. The correlation that exists between the model's contrast speed response and results reported from visual psychophysics is consistent with the view that the visual system assumes that image signals may be contaminated by noise in both the spatial and the temporal domain, and that visual motion is in uenced by the consequence of these assumptions.
INTRODUCTION
Many models of visual velocity are based upon the responses of spatial frequency and temporal frequency tuned channels that are believed to exist in the visual cortex of primate visual systems (Heeger, 1987; Johnston et al., 1992; Simoncelli, 1993; Ascher and Grzywacz, 2000) . These ordinary least squares (OLS) models share the assumption that internal noise, that necessarily contaminates visual motion processes owing to the imperfections inherent in neural processes, are purely temporal in their origin. The models have generally ignored the possibility for signal contamination by spatial noise.
When the assumptions made by OLS models of visual motion are violated, for example, in the case where the image signal has both a spatial and temporal component of noise, it can be inferred from Bishop (2000) that such an OLS model's speed response will be biased towards zero by a quantity that is proportional to the variance of the spatial noise signal. While there is some evidence that visual motion is biased towards zero for low contrast image signals (see Thompson, 1982; Simoncelli, 1993) , such biases are only apparent when image contrast and temporal frequency are low. When image temporal frequency lies above 8.0 Hz, and image contrast is low, visual perception tends to overestimate the speed of the image signal. The variation of visual motion as a function of temporal frequency and contrast is known as the Thompson effect (Thompson, 1982; Blakemore and Snowden, 1999; Johnston et al., 1999b) . The contrast data are interesting because it is dif cult to explain the Thompson effect -notably, contrast dependent speed increases by OLS models of visual motion that are biased for low speed, either by violations of noise assumptions as in the case of Bishop (2000) or by a nonadaptive prior for low speed as prescribed by Bayesian inference (Simoncelli, 1993; Weiss and Adelson, 1998) . The reason for the dif culty encountered by OLS models is explicit by the very nature of the bias and leads one to consider other explanations for Thompson's effect.
The purpose of this paper is to show how models of visual motion can be modi ed to include the possibility that processed image signals may be contaminated by noise in both the spatial and temporal domains: the total-least squares (TLS) model of visual motion (Haglund, 1992; Langley, 2000; Nestares et al., 2000) . To constrain the proposed model more closely with the type of computations that may be realized by neural systems, it is shown how the noise assumptions mentioned may be implemented in a neural system given the constraint that neuron responses are con ned to be positive-valued functions. To tackle this problem, the estimation of visual motion is cast as a quadratic programming problem (Dantzig, 1963) ; a branch of optimization theory that deals with the estimation of positive-valued functions. Taken together, it is shown how the TLS model, when posed as a quadratic programming problem, can be used to explain the Thompson effect. It is further shown how the proposed TLS model can be considered as a generalization of Reichardt and OLS models of visual motion. The TLS model is thus shown to capture the properties of these aforementioned models while opening the possibility to explain a wider set of empirical data by a single set of motion computations.
To achieve the goals mentioned, the paper is organized as follows. First, the computational model is explained, with the detailed mathematical derivations and computations included in two appendices. Second, the model's contrast response as a function of image speed is presented alongside Thompson's (1982) results so that direct comparisons can be made. It is demonstrated that an OLS model of motion perception that includes a xed L 2 -norm Tikhonov regularizer (Golub et al., 1999) or a nonadaptive Gaussian prior for low speed (Simoncelli, 1993) cannot by itself, account for the Thompson effect. However, by changing the regularization function to
